The effective management of pain is a longstanding public health concern. Morphine-like opioids have long been front-line analgesics, but produce undesirable side effects that can limit their application. Slow progress in the introduction of novel improved medications for pain management over the last 5 decades has prompted a call for innovative translational research, including new preclinical assays. Most current in vivo procedures (eg, tail flick, hot plate, warm water tail withdrawal) assay the effects of nociceptive stimuli on simple spinal reflexes or unconditioned behavioral reactions. However, clinical treatment goals may include the restoration of previous behavioral activities, which can be limited by medication-related side effects that are not measured in such procedures. The present studies describe an apparatus and procedure to study the disruptive effects of nociceptive stimuli on voluntary behavior in nonhuman primates, and the ability of drugs to restore such behavior through their analgesic actions. Squirrel monkeys were trained to pull a cylindrical thermode for access to a highly palatable food. Next, sessions were conducted in which the temperature of the thermode was increased stepwise until responding stopped, permitting the determination of stable nociceptive thresholds. Tests revealed that several opioid analgesics, but not d-amphetamine or D
Introduction
The effective management of pain remains an important public health concern. Although morphine-like opioids have long been front-line analgesics for most painful conditions, their clinical utility is restricted by well-recognized liability for side effects, including dependence/addiction, respiratory depression, and sedation [3] . Despite the clear need for improved analgesics, progress in the discovery and development of novel candidate medications for pain management over the last 5 decades has been slow. This has provoked well-publicized concern [7, 23] , leading to the suggestion that traditional nociception assays might be inadequate for the task of identifying novel candidate medications for pain management, and, correspondingly, that new animal models are needed for translational pain research [27, 29, 32, 33, 44] .
Currently, analgesiometry in laboratory animals primarily uses thermal, electrical, chemical, and mechanical nociception to assay the antinociceptive effects of candidate analgesics [28] . Most commonly used approaches (eg, tail flick, hot plate, acid-induced writhing, warm water tail withdrawal), use simple spinal reflexes or unconditioned behavioral reactions to nociceptive stimuli. These approaches present both conceptual and experimental limitations. From a conceptual standpoint, simple reflex measures fail to adequately capture any involvement of supraspinal areas of the central nervous system in pain-stimulated responses [5, 8, 31, 44] . Therefore, preclinical animal models of nociception are needed to assay behavioral responses that clearly involve higher-order cortical function. From an experimental standpoint, conventional assays usually rely on a decrease in response (eg, longer latency to tail flick, decreased writhing, etc). Therefore, it is often difficult to distinguish the role of nonspecific depression of behavior in antinociception produced by candidate analgesics. For example, morphine has sedative effects over the same range of doses that increase the latency to tail flick, and the interaction of these effects is uncertain. One way to address the above issues is to establish an index of antinociception that relies on the restoration, rather than suppression, of a response under otherwise nociceptive conditions. Operant-based tasks, unlike assays of reflexive or unconditioned behavioral responses, involve the subject engaging in a volitional response that necessarily involves centrally mediated processes. Thus, such tasks provide an important alternative approach for the evaluation of candidate analgesics. The utility of an operantbased approach has received some attention [27, 29, 33, 44] ; however, few studies have been conducted to examine the effects of antinociceptive drugs under operant contingencies. Notable exceptions involve orofacial nociception [2, 35, 36, 40] and escape or titration methodologies [6, 13, 14, 43, 49] .
The present report describes an apparatus and operant procedure to examine both the disruptive effects of nociceptive stimuli on voluntary responses in nonhuman primates and behaviorally restorative effects of analgesics. Squirrel monkeys were trained to respond (by pulling down a cylindrical thermode) for a palatable food reinforcer. Next, experiments were conducted in which the temperature of the thermode was increased stepwise until responding stopped. This permitted the determination of nociceptive thresholds, which proved to be highly stable over time and sensitive to varying parameters of the response requirement. Finally, tests with several types of drugs purported to produce analgesia were conducted to assess their antinociceptive effects under these conditions.
Methods

Subjects
Four adult male squirrel monkeys (Saimiri sciureus) were individually housed in a temperature-and humidity-controlled vivarium with a 12-hour light/dark cycle (7 AM-7 PM). Subjects had unlimited access to water in the home cage and were maintained at approximate free-feeding weights by post-session access to a nutritionally balanced diet of high-protein banana-flavored biscuits (Purina Monkey Chow, St. Louis, MO). In addition, fresh fruit and environmental enrichment were provided daily. Experimental sessions were conducted 5 days per week (Monday-Friday). The experimental protocol for the present studies was approved by the Institutional Animal Care and Use Committee at McLean Hospital. Subjects were maintained in a vivarium licensed by the U.S. Department of Agriculture and in accordance with the Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research [34] . Fig. 1 shows a drawing of the operant nociception chamber. A custom-built Plexiglas chair measuring 25 cm Â 25 cm Â 40 cm was housed in a 50 cm Â 50 cm Â 75 cm sound-and light-attenuating enclosure. A digital video camera was mounted in the inside upper-right corner of the enclosure for real-time session monitoring and an infusion pump (PHM-100-10; Med Associates, St. Albans, VT) was mounted outside the left wall of the enclosure for the delivery of liquid reinforcement. Briefly, each operation of the pump delivered 0.15 mL of 30% sweetened condensed milk (70% water) via Tygon Microbore tubing (0.40 inner diameter, 0.70 outer diameter; Saint-Gobain Performance Plastics, Paris, France) into an easily accessible shallow well (2.5 cm in diameter) of a custom-designed Plexiglas fluid dispenser (5 Â 3.5 Â 1.27 cm) mounted to the inside front wall of the chair. Previous studies in our laboratory have found that a small volume (0.15 mL) of this liquid serves as a powerful reinforcer for squirrel monkeys that is very resistant to satiation even under free-feeding conditions [19] . Three horizontally arrayed white stimulus lights (2.5 cm in diameter) were mounted 50 cm above the enclosure floor, spaced 10 cm apart and centered above the fluid dispenser. A telegraph key was secured to a shelf 15 cm above the stimulus lights, and a custom-built stainless steel 500 w/120 v thermode (1.27 cm in diameter; 15.24 cm in length) with fiberglass leads hung from the telegraph key button via a 5-cm chain. A downward pull of the thermode closed the telegraph key circuit, making an electrical contact that could serve as a response. A temperature sensor (TBC-72.OG, Convectronics, Haverhill, MA) was attached to the upper end of the thermode, which also was attached via the fiberglass leads to a 120 v, 15 amp temperature control unit (Control Console 006-12015, Convectronics, Haverhill, MA). This unit served as a thermostat and controlled the temperature of the thermode with a resolution of ±1°C. All temperature settings and adjustments were made by the experimenter. Other experimental events (ie, pull detection, operation of stimulus lights, milk delivery) and data collection were controlled by Med Associates (St. Albans, VT) interfacing equipment and operating software.
Apparatus
Procedure
Pull training
During experimental sessions, subjects were seated in the chair. Each subject was trained with response shaping [4] , first to drink from the milk well and then to pull the thermode downward to close the telegraph key. Trials began with illumination of the left and right stimulus lights. Thermode pulls with a force of at least 2.78 N closed the telegraph key circuit and were recorded as responses. During initial training, each circuit closure immediately extinguished the left and right stimulus lights and illuminated the center stimulus light for 2 seconds, delivered 0.15 mL of milk into the well, and was followed by a 10-second intertrial interval (ITI) during which the chamber was darkened. Each training session consisted of 100 trials, which were completed in approximately 30 minutes. After the subject reliably pulled the thermode and closed the telegraph key circuit, the required duration of pull to obtain reinforcement (ie, duration of continuous telegraph key circuit closure) was increased across successive sessions (0.25, 0.5, 1, 2, and 3 seconds) until the subject was reliably completing 3-second pulls. Continuous circuit closure during the duration was required, and a premature release of the operandum reset that time requirement.
Thermal threshold tests
Thermal thresholds were determined during sessions in which subjects were exposed to an ascending sequence of thermode temperatures. Each temperature was evaluated during a 5-trial block, and each trial began with the illumination of left and right stimulus lights (as described above). Completion of the 3-second pull delivered the milk reinforcer, extinguished all stimulus lights within the chamber, and initiated the 10 second ITI. Each 5-trial block was followed by a 2 minute blackout period, during which all stimulus lights in the chamber were off and the thermode temperature was increased. If 20 seconds elapsed without a completed response (ie, limited hold of 20 seconds), the session was terminated. An ascending sequence of thermal stimulation was used in which the thermode was initially 38°C (approximate body temperature) for the first 5 trials. After completion of the 5 trials, the thermode temperature increased 2°C during the 2-minute blackout and remained at 40°C for the next 5 trials (ie, 2°C step-size). If all 5 trials were completed, the thermode was again increased by 2°C during the next 2-minute blackout period. Blocks of 5 trials at each temperature were used to provide repeated assessment of the subject's performance at that temperature. Thermal thresholds served as the primary dependent measure and were defined as the highest temperature at which the subject completed at least 3 of the 5 trials in a block before session termination. An imposed maximum thermode temperature of 60°C was in effect throughout all studies to preclude contact that might produce tissue damage. To ensure that thermal thresholds were a function of temperature (not the number of trials into a session), determinations were periodically conducted from different temperature start points with the proviso that it be at least 2 steps (ie, 4°C) below the expected thermal threshold and a maximum of 10 step sizes below. Thermal threshold tests under a 3-second pull duration were conducted 5 times in each subject in this manner, that is, using varying start points.
After determinations of thermal threshold under a 3-second pull duration, the effects of other pull durations on thermal threshold were assessed parametrically. Subjects were trained to pull the thermode for a variety of durations (0.5, 1, 2, 3, 4, 5, and 6 seconds). Pull durations <0.5 seconds were not studied because 3 of 4 subjects were able to reliably complete 0.5-second responses at the maximum temperature of 60°C. A 6-second pull duration was the longest tested because it was the longest continuous duration that subjects could pull reliably; significant response strain (ie, increased and variable response latency) was observed in 3 of 4 subjects under a 7-second pull duration requirement. Although all subjects were initially trained and tested under a 3-second pull duration requirement, assessment of other durations were conducted 5 times each in a randomized order across subjects. There were no differential visual stimuli paired with different pull duration requirements; contingent stimulus events (ie, left and right stimulus lights extinguished, center light illuminated, milk delivered) signaled a completed response under all pull duration requirements.
Drug effects on thermal thresholds
The effects of intramuscular (i.m.) injections of vehicle and a range of doses of several drugs on thermal threshold values were examined next. Drugs included the l-opioid agonist morphine (0.03-0.32 mg/kg), the mixed-action l-opioid partial agonist/ j-opioid antagonist buprenorphine (0.001-0.01 mg/kg), the nociceptin/orphanin FQ peptide (NOP) agonist SCH 221510 (0.003-0.03 mg/kg), the cannabinoid agonist D 9 -tetrahydrocannabinol (D 9 -THC; 0.03-0.32 mg/kg), and the monoaminergic psychomotor stimulant d-amphetamine (0.03-0.32 mg/kg). Drug interaction studies also were conducted to assess antagonism of the antinociceptive effects of morphine and SCH 221510 by pre-session treatment with, respectively, the opioid antagonist naltrexone (0.03-0.32 mg/kg) and the NOP antagonist J-113397 (0.01-0.1 mg/kg). For each drug, conventional cumulative dosing procedures were used to permit the determination of the effects of up to 4 incremental i.m. doses of a drug in single test sessions alone and, for morphine and SCH 221510, after antagonist pretreatment [20, 26, 41] . Briefly, cumulative doses were administered at the beginning of sequential time-out periods that preceded repeated threshold determinations throughout the session. Doses of each drug alone or after pre-session treatment were studied up to those that eliminated responding (see Data Analysis). Each cumulative dose determination was conducted twice with at least 3 intervening days in which thermal control sessions were conducted and baseline values re-established. In addition, during select test sessions, saline vehicle was administered across each of 4 components, as described above, to verify that the session length and arrangement necessary for cumulative dosing did not produce response fatigue or reinforcer satiation. Finally, the same testing procedures were used to determine cumulative dose response functions for each drug alone under 2-and 5-second pull duration requirements. The sequence of drug experiments varied among subjects. 
Drugs
Data analysis
Thermal threshold was defined as the highest temperature at which the subject completed at least 3 of the 5 trials, and served as the primary dependent measure of nociception in initial parametric studies of pull duration. Although within-subject threshold values were highly consistent, small differences in threshold values were evident among subjects (Fig. 2) . Consequently, data from drug tests were first normalized for individuals by averaging changes from individual subject threshold values across dose determinations, and then presented as group means of change in threshold. A repeated-measures 1-way analysis of variance (ANOVA) was conducted to evaluate the statistical significance of each drug treatment. When appropriate, ANOVA was followed by a Dunnett test to evaluate the statistical significance of thermal threshold increases over individual normalized control values. The criterion for significance was set at P < .05.
An in vivo apparent pK B analysis of the antagonist effects of naltrexone and J-113397 was conducted for comparison with published values under other assay conditions. The pK B analysis was conducted using the following equation: pK B = Àlog [B/(DRÀ1)], where B is the molar concentration of the antagonist and the dose ratio (DR) is calculated with ED 50 values (ie, the dose resulting in 50% of maximum antinociception) of morphine or SCH 221510 alone and after doses of each antagonist pretreatment drug, calculated by interpolation.
Results
Thermal threshold tests
A reliable and orderly decrease in thermal threshold was observed as a function of increased pull duration requirements, with a 12°C span in threshold temperature across the full range of pull durations (0.5 to 6 seconds; Fig. 2 ). Three of 4 subjects completed 0.5-second pulls at the imposed maximum temperature of 60°C; higher temperatures were not tested, to avoid possible tissue damage. An increase in pull duration to 3 seconds yielded a decrease in average thermal threshold to 51.4°C, whereas the maximal pull requirement, 6 seconds, resulted in the lowest average thermal threshold of 47.8°C. As noted above, the 6-second duration was the longest tested because 3 of 4 subjects were unable to reliably complete continuous 7-second pulls under no-heat conditions, likely due to the relatively large force required (2.78 N) to close the contact of the 10-oz telegraph key. At least 5 thermal threshold determinations were conducted with each subject, and the reliability of threshold values across repeated determinations was remarkably high for each subject. As indicated by the small variance for mean values in Figs. 2 and 3 , threshold values under a given pull duration requirement typically differed by no more than 1 step-size value across individual subjects. Fig. 3 presents the effects of saline and dose response functions for each of the 5 agonists. As expected, administration of saline solution had no effect on thermal thresholds, and, importantly, saline solution injections across 4 components within a test session produced no obvious fatigue or reinforcer satiation, as evident in stable thermal thresholds relative to control. The prototypical l-opioid agonist morphine produced dose-related and significant increases in thermal threshold values at all 3 pull durations (2 seconds: F = 16.89, P < .001; 3 seconds: F = 16.78, P < .001; 5 seconds: F = 8.064, P < .01). The lowest dose of morphine was generally without effect, whereas the intermediate doses of 0.1 and 0.32 mg/kg morphine produced comparable and significant increases in threshold values. The highest cumulative dose, 1.0 mg/kg, abolished responding in all subjects and was studied further only in naltrexone-antagonism experiments (see below). The maximally effective cumulative dose of morphine on thermal threshold, 0.32 mg/kg, also increased mean threshold values by 3°C under a 2-second pull, 4.8°C under a 3-second pull, and 4.3°C under a 5-second pull. Threshold changes in individual subjects were well-represented by group mean data. However, variability in the potency of dose-related effects of morphine under the differing duration response requirements, evident by the largely overlapping error bars in Fig. 3a , precluded statistical significance among these differing mean values.
Drug effects on thermal thresholds
The mixed-action l-opioid partial agonist/j-opioid antagonist buprenorphine, like morphine, produced dose-related increases in thermal threshold values (Fig. 3b) . However, buprenorphineinduced increases in thermal threshold were somewhat lower than those observed for morphine under all response requirements, and reached statistical significance only under the 2-second and 3-second durations (2 seconds: F = 8.474, P < .01; 3 seconds: F = 13.36, P < .01; 5 seconds: F = 3.237, P = .08). The maximally effective cumulative dose of buprenorphine, 0.01 mg/kg, increased mean threshold values by 2°C under the 2-second pull condition, 3°C under the 3-second pull condition, and 4°C under the 5-second pull condition. As with morphine, changes in group mean thermal threshold values were representative of changes in individual subjects, and overlapping error bars for mean values among differing response duration requirements indicate no systematic differences in the effects of buprenorphine under these different conditions. Also, as observed with morphine, a 0.5-log unit increase in cumulative i.m. dose (to 0.32 mg/kg) produced effects that interfered with performance, eliminating responding in 3 of 4 subjects under all duration response requirements.
The NOP agonist SCH 221510 produced larger dose-related antinociceptive effects than observed with morphine under all duration response requirements tested in the present assay conditions (Fig. 3c) . Highly significant effects were observed at all 3 pull durations tested (2 seconds: F = 17.59, P < .001; 3 seconds: F = 41.31, P < .001; 5 seconds: F = 78.11, P < .001). The lowest dose tested, 0.003 mg/kg, was sufficient to produce a significant effect under the 3-second pull duration. The maximally effective cumulative dose of 0.03 mg/kg yielded a 3.6°C increase in mean threshold values under a 2-second pull requirement, a 5.8°C increase under a 3-second pull requirement, and an 8.5°C increase under a 5-second pull requirement. Threshold values obtained after administration of 0.03 mg/kg include maximum possible effects (ie, completion of trial blocks under the 60°C maximum) in 2 subjects under the 2-second pull requirement, and 1 subject under the 3-and 5-second pull requirements. Here again, changes in group mean thermal thresholds were largely representative of the orderly changes observed in individual subjects.
Unlike the opioids morphine and buprenorphine or the NOP agonist SCH 221510, the cannabinoid agonist D 9 -THC produced no significant antinociceptive effects in the present studies (2 seconds: F = 0.2404, P = .87; 3 seconds: F = 0.5152, P = .68; 5 seconds: F = 0.9535, p = .46). Small increases in mean thermal threshold values were observed, but only under the 5-second pull requirement (Fig. 3d) . Moreover, unlike each of the drugs discussed above, mean values represent reliable threshold increases under the 5-second pull condition in only 1 of the 4 subjects tested with D 9 -THC.
The psychomotor stimulant d-amphetamine produced no evidence of antinociception in the present studies (Fig. 3e) : a wide range of cumulative doses up to those that abolished responding failed to significantly increase thermal threshold in any subject (2 seconds: F = 0.1579, P = .44; 3 seconds: F = 1.0, P = .99; 5 seconds: F = .1579, P = .92).
In the final series of experiments, the effects of morphine and SCH 221510 were redetermined in the presence of selected doses of the opioid and NOP receptor-selective antagonists, naltrexone (Table 1) . Shifts in group mean doseresponse functions were highly representative of the orderly shifts observed in individual subjects. Analyses of the antagonist effects of 0.1 and 0.32 mg/kg naltrexone yielded pK B values of 7.30 and 7.31, respectively, whereas similar analyses of 0.01 and 0.03 mg/kg J-113397 yielded pK B values of 8.26 and 8.57, respectively.
Discussion
Over the past several decades, the identification of novel and effective analgesics, especially without marked sedative/stuporific effects, has been a slow and challenging process. In part, this situation simply reflects the paucity of novel types of analgesic compounds that have been identified during this time [7, 23] . As well, however, researchers have identified limitations in in vivo assays that may hamper the preclinical evaluation of novel compounds. One limitation that has received considerable attention recently is the inability of current antinociception assays to sufficiently discriminate among candidate analgesics on the basis of unwanted effects that may disrupt ongoing organized behavior [7, 29, 33, 44] ; that is, conventional assays [28] are not designed to measure behaviorally disruptive effects independently of antinociception.
With the above consideration in mind, the present apparatus and methods were designed expressly to require a volitional operant response under control conditions and, importantly, to infer antinociception not by the absence of a response but, rather, by its presence. Thus, analogous to the clinical experience of pain that degrades performance, the nociceptive effects of the thermal stimulus was defined as a disruption in ongoing behavior of laboratory subjects. Data from the present studies indicate that this assay yielded highly replicable thermal thresholds in and across individual subjects.
As in numerous studies using traditional analgesiometry, the l-opioids morphine and buprenorphine produced dose-related antinociceptive effects under the present conditions. These results indicate that the present assay can be used to evaluate both the disruptive effects of nociceptive thermal stimuli and the extent to which a candidate analgesic might restore responding despite nociceptive stimulation. Importantly, the present assay appears to be highly sensitive to both the antinociceptive and suppressant effects of analgesics. For example, the antinociceptive effects of morphine appeared to plateau at the highest doses that could be studied (0.1 and 0.32 mg/kg). The antinociceptive effectiveness of these relatively small doses of morphine under operant contingencies agrees with previous studies with rats and nonhuman primates [35, 43, 49] . In addition, the antinociceptive effects of morphine and buprenorphine were evident within narrower dose ranges than those reported using conventional assay conditions. For example, 0.32 mg/kg was the largest dose of morphine that provided antinociception in the present study without other effects that precluded successful completion of the required task. This dose of morphine is at least 4-to 10-fold lower than maximally effective doses in squirrel monkeys under the shock-titration assay [1, 14, 38] or stump-tailed macaques under an operant escape procedure [6] , and suggests that antinociceptive doses of morphine in other assays also produce behavioral impairment. Overall, the present data reflect a limit in the selective analgesic effects of morphine, attributable to competing sedative and stuporific effects of morphine that ultimately abolished responding. After administration of the higher dose of 1.0 mg/kg of morphine, such effects likely abolished responses in all subjects.
Buprenorphine is well understood to have l-partial agonist actions, and its antinociceptive effects might be expected to plateau at lower levels than those of the higher-efficacy agonist morphine [48] . However, the difference in the elevation of thermal thresholds by buprenorphine and morphine was relatively small under the present assay conditions. Like morphine, the maximally effective dose of buprenorphine under these conditions was at least 30-fold lower than maximally effective doses in squirrel monkeys under the shock-titration assay [13] . The present data suggest that, under operant contingencies requiring restoration of behavioral function as an indication of antinociception, differences between morphine and buprenorphine may be smaller than the full versus partial agonist profiles usually exhibited in preclinical studies. Interestingly, although buprenorphine is considered to have lesser efficacy than morphine, early clinical studies with buprenorphine documented a much longer time course of action but no significant differences in peak analgesia compared to morphine [11, 22] . More recently, these similarities in effectiveness also have been documented in studies of inflammatory pain in human subjects [39] . The NOP receptor (previously called ORL1) has been considered the fourth member of the opioid receptor family, and the development of systemically available NOP agonists (eg, SCH 221510 [42] ) and antagonists (J-113397 [21] ) has spurred studies of antinociceptive potential within this drug class. Findings have been mixed to date, with supportive evidence in monkeys using a warm water tail withdrawal assay [25] and failures in rats using the standard tail flick assay [18] . The present findings indicate that under operant conditions, SCH 221510 displayed very effective antinociceptive actions, comparable to or exceeding those of morphine. For example, the maximally effective dose of SCH 2211510 (0.03 mg/kg) produced approximately 2-fold greater antinociception than morphine under the 5-second pull requirement. One explanation for the greater effectiveness of SCH 221510 than morphine may lie in a greater separation in its potency for producing antinociceptive and response-disruptive effects. Consistent with this idea, Ko and Naughton [24] have demonstrated that intrathecal administration of the endogenous NOP receptor ligand nociceptin/orphanin FQ (N/OFQ), unlike morphine, produced antinociceptive effects in monkeys without evidence of sedation. Alternatively, the greater effectiveness of SCH 221510 than morphine under the present conditions may reflect anxiolytic effects of NOP agonists that have been observed previously in rats [12, 15, 17, 18] . From this perspective, anxiolytic effects of the NOP receptor agonist may be viewed as countering the suppression of organized behavior by the nociceptive stimulus. The possibility of conjoint analgesic/anxiolytic effects of NOP agonists is noteworthy. The prominent role of anxiety in the clinical presentation of pain is well appreciated, and researchers have long argued that anxiety and pain may be closely intertwined [10, 46] . The present results with SCH 221510 raise the intriguing possibility that it may be possible to develop novel therapeutics that effectively remediate both aspects of clinical pain. Pretreatment tests with the selective opioid antagonist naltrexone and the NOP receptor antagonist J-113397 verified that the antinociceptive effects of morphine and SCH 221510 were consequent to, respectively, opioid and NOP receptor-mediated actions. In addition, the pK B values of naltrexone + morphine and J-113397 + SCH 221510 were similar to those obtained in the warm water tail withdrawal assay with nonhuman primates [16, 25] , providing additional pharmacological evidence that opioid and NOP receptors, respectively, mediated the antinociceptive effects of these agonists in the present studies.
The effects of the nonopioid drugs d-amphetamine and D 9 -THC further validate the utility of the present assay procedures. The inability of the psychomotor stimulant d-amphetamine to increase thermal threshold was not surprising, as it has no known antinociceptive effects. Nonetheless, the lack of antinociceptive effects demonstrates that response rate-increasing effects such as those that are well documented for d-amphetamine [9] are not sufficient to engender increases in thermal threshold.
Although tests with D
9
-THC provided some suggestive, albeit nonsignificant, evidence of antinociception under the present conditions, these effects were evident in only 1 of 4 subjects and only when the required response duration was 5 seconds. These findings are generally consistent with existing literature indicating that D 9 -THC is an effective antinociceptive agent under very limited conditions [37] . For example, comparing D
-THC and heroin in the warm water tail withdrawal assay, Vivian et al. [45] observed that heroin produced a full effect (100%) in rhesus monkeys at both relatively low (50°C) and higher (55°C) water temperatures. In contrast, the maximum antinociceptive effects of D 9 -THC were limited under the 50°C test condition (71%) and were extremely low (15%) under the 55°C test condition. Collectively, these findings suggest that D
-THC has minimal antinociceptive effects in nonhuman primates. It is interesting to consider these findings in light of the many reports that D 9 -THC produces antinociception in tail flick procedures that are part of the tetrad of assays often used to study cannabinoids in rodents [30] . In those studies, doses of D
-THC that increase tail flick latency in tetrad studies also markedly decrease locomotor activity and increase catalepsy [47] . Indeed, the magnitude of dose-related D 9 -THC effects across the tetrad are highly correlated, suggesting that response disruption likely plays a key role in D
-THC-mediated increases in tail flick latency.
Conclusion
In summary, results of the present studies are highly consistent with analogous investigations using orofacial pain with rodents [2, 35, 36, 40, 43] , illustrating the utility of operant procedures to evaluate nociception and the anti-nociceptive effects of centrally active analgesics. Overall, the antinociceptive effects of drugs in these studies also are in general agreement with previous findings in nonhuman primates [49] , although high doses of D
9
-THC previously have been reported to have greater antinociceptive effects than observed here [45] . However, fundamental differences between conventional and operant antinociception procedures should be emphasized. In particular, antinociception in the present studies is defined by the restoration of responding that, untreated, would be suppressed by thermal stimulation. The present assay in nonhuman primates uses a positively reinforced response to accomplish this, and, perhaps related to the type of reinforcement, is relatively sensitive to behavioral disruption/suppression produced by analgesics. Such evaluation of the restoration, rather than reduction, of behavior as an antinociceptive endpoint provides insight into the behavioral selectivity of candidate analgesics and, consequently, is an important metric for establishing the range of their clinical applications. Nonspecific behavioral effects attending antinociception can be tolerated under some conditions; however, selective antinociception may be essential to the restoration of function and, under many clinical conditions, is more desirable.
